ABSTRACT. The responses of photosynthesis, chlorophyll fluorescence, and de-epoxidation state of the xanthophyll cycle pigments (DEPS) of micropropagated apple trees (Malus ·domestica) were investigated under whole-root water stress (WRS) and half-root water stress (HRS) induced by polyethylene glycol 6000 to simulate whole and partial root zone drying. Compared with control plants without water stress, plants under WRS and HRS exhibited reduced leaf net photosynthetic rate (P n ) and stomatal conductance (g S ) with a greater reduction in WRS than in HRS plants. However, intercellular CO 2 concentration (Ci) increased under WRS as water stress was prolonged, signifying a non-stomatal limitation of P n . Regarding HRS, decreased P n was mainly the result of a stomatal limitation explained by a relatively low Ci. Changes in photosynthesis and chlorophyll parameters indicate that severe and slight damage occurred to the photosynthetic apparatus of WRS and HRS leaves, respectively, starting at Day 3 after initiating water stress. This damage was not evident on the donor side but was expressed as a reduced capacity of the acceptor side of the photosystem II reaction centers. To prevent damage from excess light, the DEPS of WRS leaf increased. Decreased g S could explain reduced water use under an irrigation strategy of partial root zone drying in fruit trees.
Water is a limited resource worldwide. Water deficits often result in a decrease of P n , which can influence vegetative growth, yield, and fruit quality in fruit trees. The response of photosynthesis to water stress is correlated with stress intensity. Under medium water stress, it has been shown that the close of stomata decreased CO 2 concentration at the site of carboxylation, which led to reduction of photosynthetic rate (Chaves, 1991) . More serious water deficit conditions may lead to the damage of photosynthetic apparatus, imposing a nonstomatal limitation to photosynthesis (Ennahli and Earl, 2005; Farquhar and Sharkey, 1982) .
Partial root zone drying (PRD) is an irrigation strategy that applies water to only one part of the root zone, whereas the other part is not watered so is under water stress conditions (English et al., 1990) . PRD has improved yield (Dodd, 2009; Kang et al., 2001; Sepaskhah and Ahmadi, 2010; Shao et al., 2010) and water use efficiency (Davies et al., 2002) compared with full irrigation at the same water level. Compared with full irrigation, PRD reduced water consumption by 30% to 50% without significant yield reduction (Liu et al., 2006b; Sepaskhah and Ahmadi, 2010) . Roots were partially water stressed under PRD, which could affect photosynthesis. Studies on potato [Solanum tuberosum (Liu et al., 2006a) ], hot pepper [Capsicum annuum (Shao et al., 2010) ], and maize [Zea mays (Kirda et al., 2005) ] have shown that P n was significantly reduced. The photosynthetic mechanisms that are associated with the performance of PRD plants with more efficient use of water resources are still unclear. Thus, studies on the response of plant photosynthesis under PRD conditions, especially the difference of photosynthesis between PRD and whole root water stress, are needed. The findings may be applicable to the design of more efficient irrigation strategies with limited negative impact on crop yield.
Regarding the effects of PRD, little is known about how P n is limited and whether there are changes in energy fluxes in the photosynthetic apparatus. The status of the photosynthetic apparatus may be investigated in vivo using fast chlorophyll a fluorescence transient analysis (Strasser and Tsimilli-Michael, 2001 ). The transient parameters are reliable indicators of the status of the donor and acceptor sides of photosystem II (PSII) reaction centers (RCs). Changes of the energy fluxes in the photosynthetic apparatus including trapped photons, trapped excitons, transported electrons, and dissipated energy can also be indicated by the transient parameters (Strasser and TsimilliMichael, 2001 ).
The decrease in photosynthesis of plant leaves under water stress causes inefficient use of light energy. Consequently, light energy can become excessive in the chloroplast (Long et al., 1994) . As water stress proceeds, excessive light energy may result in photoinhibition and serious damage (Long et al., 1994; Quick et al., 1992) . There are many ways for leaves to dissipate excess light energy such as non-photochemical quenching, photorespiration, and Mehler peroxidase reactions (Asada, 1999; Chen et al., 2004a; Dai et al., 2004; Jiang et al., 2006; Noctor et al., 2002) . Non-photochemical quenching increased in PRD-treated hot pepper compared with full irrigation (Shao et al., 2010) . The dissipation of xanthophyll pigments in the photosynthetic structure prevented the damage of excess light to PSII (Niyogi, 2000; Ort, 2001 ). Through the de-epoxidation of the xanthophyll cycle pigments and the formation of zeaxanthin (Z), excess absorbed energy was harmlessly dissipated as heat (Horton et al., 1994) . Few studies have been conducted on the xanthophyll cycle-dependent thermal energy dissipation under PRD conditions compared with whole root zone drying or with well-watered plants.
In this study, whole and partial root zone drying were simulated by using polyethylene glycol 6000 (PEG6000) stressed young micropropagated apple trees. The objective of this study was to investigate water stress effects including PRD on photosynthetic performance, especially focused on the PSII RCs and energy partitioning in leaves.
Materials and Methods

MATERIALS.
One-year-old micropropagated 'Royal Gala' apple trees were used in this study. The trees were %30 cm high with uniform vegetative growth. The trees were transferred from soil and precultured hydroponically in black glass containers [60 · 18 · 11 cm (length · width · height)] in halfstrength Hoagland nutrient solution for 6 d, which was then replaced by full-strength nutrient solution. The solution was completely changed every other day throughout the study. The culture solution was evenly aerated with three containers sharing an air pump, which emitted air at 70 LÁmin -1 . Water was added daily to the containers to counterbalance water loss through transpiration. The containers were equally divided into two separate compartments by a glass plate (8 cm height). When trees were transferred to the containers, the roots were equally divided between the two compartments. To prevent solution exchange between the two compartments through the root crown, a lanolin barrier was used at the base of the trunk. The compartments were covered by a wood board with shadecloth to prevent exposure of roots to light. Trees were grown in a greenhouse under natural light with average air temperatures ranging from a low of 20°C at night to a high of 38°C during the day during the study.
TREATMENTS. HRS and WRS were started at 0700 HR on Day 1 of water stress by adding PEG6000 (18% w/v) to the nutrient solution (Hsiao, 1973) . The roots of control trees (CK) were cultured using only nutrient solution. Each of the water stress treatments and the CK were replicated six times in a randomized complete block design with seven plants in each replicate. Predawn leaf water potential was measured using a Scholander pressure chamber (ZIZ-4; Lanzhou University, Lanzhou, China) on leaves removed from the upper part of trees.
MEASUREMENT OF GAS EXCHANGE AND CHLOROPHYLL FLUO-RESCENCE. Mature leaves from the upper part of six trees per treatment were selected for measurements of gas exchange and chlorophyll fluorescence. Gas exchange was measured everyday with a portable photosynthesis system (LI-6400; LI-COR, Lincoln, NE) %0930 HR under natural sunlight and at 25 ± 2°C throughout the experiment. Diurnal changes of P n were measured every 1.5 h from 0700 to 1730 HR on Days 3 and 6 after initiating water stress. Ci and g S were obtained when P n was measured. All measurements were performed at ambient CO 2 (380 ± 15 mmolÁmol -1
) and relative humidity of 75% ± 5%. Modulated chlorophyll fluorescence parameters were measured diurnally as with gas exchange measurements using a portable fluorescence monitoring system (FMS-2; Hansatech, King's Lynn, U.K.). Maximal fluorescence in the dark-adapted state (Fm o ) and the light-adapted state (Fm') were measured after a pulse of saturating light. Fm o was measured on leaves at predawn when leaves were fully dark-adapted and nonstressed on the first day after initiating water stress (Maxwell and Johnson, 2000) . Fm' was measured during the day under natural sunlight. The steady-state fluorescence during exposure to natural illumination (Fs) and minimum chlorophyll fluorescence of PSII during illumination (Fo') were also measured. The following calculations were made: 1) the maximal efficiency of PSII photochemistry in the light-adapted state, Fv'/Fm' = (Fm' -Fo')/Fm' (Kitajima and Butler, 1975) ; 2) the actual efficiency of PSII in the light-adapted state, FPSII = (Fm' -Fs)/ Fm' (Genty et al., 1989) ; 3) the non-photochemical quenching, NPQ = (Fm o /Fm') -1 (Bilger and Björkman, 1990; Duan et al., 2008) .
The kinetic transient fluorescence shows a polyphasic fluorescence rise consisting of a sequence of phases, denoted as O, J, I, and P [OJIP test (Strasser and Tsimilli-Michael, 2001) ]. In our study, OJIP measurements were taken at %0930 HR everyday using a chlorophyll meter (Handy-PEA Ò ; Hansatech) (Luo et al., 2011) on the same leaves as photosynthetic measurements after a dark adaptation period of more than 20 min. The fluorescence signals were recorded within a timespan from 10 ms to 1 s with a data acquisition rate of 10 ms for the first 2 ms, which produces OJIP transient parameters containing a significant amount of complex information. The information is associated with the energy cascade from light absorption to electron transport in photosynthesis . In the energy cascade, antenna pigments absorb the energy of photon quanta. The majority of energy is trapped in the form of excitons by the active RCs and then transformed to reducing energy. Subsequently, electrons are transported and used in carbon fixation or other ways. The minority of energy is dissipated in the form of fluorescence or heat.
Original data include fluorescence intensity at 50 ms [O step (the minimum intensity Fo)], fluorescence intensity at 300 ms [K step (Fk)], fluorescence intensity at 2 ms [J step (Fj)], fluorescence intensity at 30 ms [I step (Fi)], and peak fluorescence intensity [Fp (the maximum intensity Fm)] (Christen et al., 2007; Strasser and Tsimilli-Michael, 2001 ). The maximum variable fluorescence intensity (Fv = Fm -Fo) was obtained. The yield indices or flux ratios derived from the energy flux theory include maximum quantum yield of primary photochemistry (Fv/Fm), conformation term for the primary photochemistry (Fv/Fo), the probability that a trapped exciton moves an electron further than Q A -[y 0 = 1 -(Fj -Fo)/(Fm -Fo)], the probability that an absorbed photon moves an electron further than Q A -(jE 0 = ET 0 /ABS = Fv/FmÁy 0 ), and maximum quantum yield of non- and 2) performance index on a CS basis at time zero was (PI CS0 = FoÁPI ABS ). For terms and formulae of the OJIP parameters (Christen et al., 2007; Strasser and Tsimilli-Michael, 2001 ) (see also Table 1 ). The values of OJIP test parameters are normalized using the formula (F treatment -F ck )/F ck , where F treatment is the parameter value of the treated tree and F ck is the value of the CK tree. The control data are normalized to 0. A positive normalized value means an increase of the parameter in water stress-treated trees compared with the CK, whereas a negative normalized value means a reduction.
PIGMENT ANALYSIS. Frozen leaf samples were extracted in ice-cold 100% acetone, and the pigment extracts were filtered through a 0.45-mm membrane filter. Pigments were analyzed using a high-performance liquid chromatography system (P680; Dionex, Sunnyvale, CA) according to procedures previously described (Thayer and Björkman, 1990) . The xanthophyll cycle involves the de-epoxidation of violaxanthin (V) to Z through antheranxanthin (A) and re-expoxidation of Z to V through A. The amounts of A, V, and Z were obtained through conversion of peak areas from leaf extracts according to pure standards. The DEPS was calculated as DEPS = (0.5A + Z)/(Z + A + V) (Pieters et al., 2003) .
STATISTICAL ANALYSIS. A randomized complete block design was used in this study. The data in the graphs were subjected to analysis of variance and means were compared by Duncan's new multiple range test at P < 0.05. All analyses were calculated with SPSS software (Version 13.0; IBM Corp., Armonk, NY). To investigate the extent of water stress induced by the treatments, predawn leaf water potentials were measured. WRS treatment affected predawn leaf water potentials compared with CK and HRS trees from Day 2 after initiating water stress (Fig. 1A) , indicating that water stress treatments in this study were effective. Predawn leaf water potentials in CK and HRS trees remained stable at -0.3 to -0.1 MPa throughout the experiment. However, predawn levels were reduced by WRS, dropping to less than -0.8 MPa on Day 2 after initiating water stress and staying between -1.1 and -0.8 MPa thereafter during the water stress period (Fig. 1A) .
GAS EXCHANGE PARAMETERS. Daily changes of photosynthetic parameters %0930 HR were representative of the effects of water treatments on photosynthesis as stress progressed (Fig. 1B-D) . Before the initiation of the PEG-induced water stress, all trees had the similar P n [ Fig. 1B (Day 0) ]. Starting at Day 1 of water stress, P n of WRS and HRS leaves decreased and remained low compared with CK leaves. In CK leaves, P n was high although there was some variation resulting from variable daily natural irradiance (Fig. 1B) . The effects of HRS on leaf P n , g S , and Ci were much less obvious than that of WRS (Fig. 1B-D) ; for example, P n in HRS and WRS was 48.3% to 81.9% and 21.2% to 52.7% of CK, respectively. Regarding Ci, it decreased in WRS on Days 2 and 3 after initiating water stress compared with CK, but it significantly increased at the end of the experiment. Ci of HRS was either similar to or at a lower level than CK (Fig. 1D) .
In this study, we choose the diurnal changes on Days 3 and 6 after initiating water stress to represent the responses of gas exchange in the early and late periods of water stress ( Fig. 2A-F) . Regarding Ci on Day 3 of water stress, it decreased in WRS leaves with the exception of an increase at %1200 HR compared with CK (Fig. 2C) . On Day 6, Ci in WRS leaves was generally higher than in CK leaves (Fig. 2F) . The Ci in HRS leaves was lower than in CK leaves before and after 1200 HR on Day 3 (Fig. 2C) . However, the HRS value was generally similar to the CK on Day 6 (Fig. 2F) . Different from Ci, diurnal P n and g S in HRS leaves decreased significantly compared with those in CK leaves, although the reduction in WRS leaves was greater ( Figs. 2A-B and 2D-E) .
RESPONSE OF MODULATED CHLOROPHYLL FLUORESCENCE. The influence of water stress on modulated chlorophyll parameters, including Fv'/Fm', FPSII, and NPQ, was not obvious until Day 6 after initiating water stress (data not shown). Few differences were observed between HRS and CK leaves (Fig. 2G-I) . In HRS leaves, Fv'/Fm' and NPQ were similar to CK except at 1400 HR and 1600 HR; Fv'/Fm' decreased 26.9% and NPQ was 1.39 times higher compared with CK. There were no differences between HRS and CK leaves regarding VPSII. In WRS leaves, Fv'/Fm' and FPSII were reduced by 19.7% and 37.4%, respectively, compared with CK leaves (Fig. 2G-H) . Moreover, NPQ of WRS leaves (except 1130 HR) increased significantly and was %1.5 times higher than in CK leaves (Fig. 2I) .
OJIP PARAMETERS. A multiparametric plot with the normalization of some selected OJIP test parameters (normalized to CK) allows an accurate expression of water stress conditions (Fig. 3) . Analysis of all of the transients can contribute to an understanding of the response of photosynthesis to HRS and WRS. OJIP parameters were similar among water-stressed and CK leaves until Day 3 after initiating water stress. As water stress progressed, differences were more evident between treatments and CK with OJIP parameters of WRS leaves changing more than those of HRS leaves compared with CK leaves on Day 6 (Fig. 3) .
Minimum and maximum fluorescence (Fo and Fm) in HRS were similar to CK leaves throughout the experiment (Fig. 3) .
However, slight changes of Fo and Fm were observed under WRS on Day 3 compared with CK with more differences during the late stress period (data on Days 4 and 5 were not shown). For example, Fo increased 25% and Fm decreased 24.8%, respectively, in WRS compared with CK on Day 6 (Fig. 3B) (Fig. 3B) . Moreover, Fv/Fo decreased and jD 0 increased from Day 3 after initiating water stress in WRS compared with CK (Fig. 3) . HRS or WRS had no or little effect on the ratio of variable fluorescence to the amplitude Fj -Fo at the K-step (Wk), which is an indicator of the donor side of PSII RCs (Fig. 3) . Only a slight change of 5.2% was observed in WRS leaves at the end of the experiment compared with CK. Regarding indicators related to the acceptor side of PSII RCs, no or only slight changes (2.8% to 8.5%) were observed in HRS plants. Relative variable fluorescence at 2 ms (Vj), the slope at the origin of the normalized fluorescence rise (M 0 ), the probability that an absorbed photon moves an electron further than Q A -(jE 0 ) and that a trapped exciton moves an electron further than Q A -(y 0 ), was very sensitive and responded early to WRS (Fig. 3A) . Their values changed 15.7% to 23.9% under WRS during the early period (data not shown) and more (27.0% to 41.4%) during the late period of water stress compared with CK (data not shown). Besides, relative variable fluorescence at 30 ms (Vi), the pool size of the electron carriers per RC of PSII (Sm), and turnover number of Q A reduction and re-oxidation (N) changed 15.2%, 8.3%, and 12.4%, respectively, under WRS compared with CK at the end of the study (Fig. 3B ).
PSII energy fluxes were studied in CK, HRS, and WRS plants. HRS had no obvious effects on energy absorbed, trapped, used for electron transport, or dissipated per PSII RC compared with CK (Fig. 3 ). There were no differences in PSII energy fluxes between WRS and CK leaves on Day 3 (Fig. 3A) . However, as water stress progressed, the energy flux used for electron transport per RC (ET 0 /RC) and dissipation energy flux per RC (DI 0 /RC) reduced 30.4% and increased 122.5%, respectively, under WRS on Day 6 compared with CK (Fig. 3B) . In addition, absorption energy flux per RC (ABS/RC) increased 24.0%, but trapped energy flux per RC at time zero (TR 0 /RC) did not change in WRS compared with CK leaves (Fig. 3) .
HRS did not affect the energy absorbed, trapped, used for electron transport, or dissipated per CS of leaf tissue, except that dissipated energy flux per CS at time zero (DI 0 /CS 0 ) increased 17.7% compared with CK on Day 6 (Fig. 3B) . DI 0 /CS 0 responded early in WRS plants with an increase of 15.5% compared with CK on Day 3 (Fig. 3A) . As water stress progressed, DI 0 /CS 0 under WRS increased 121.9% and energy flux used for electron transport per CS at time zero (ET 0 /CS 0 ) declined 29.5% compared with CK values (Fig. 3B) . No differences were observed on trapped energy flux per CS at time zero (TR 0 /CS 0 ) between WRS and CK.
The photochemical performance was examined using two indices. The photosynthetic performance index on an absorption basis (PI ABS ) and performance index on a CS basis at time zero (PIcso) in HRS were similar to CK leaves on Day 3 (Fig. 3A) . However, they decreased under WRS from Day 3 after initiating water stress with a reduction of 29.9% and 28.1%, respectively, compared with CK (Fig. 3A) . As water stress was prolonged, WRS affected PI ABS and PIcso more evidently with a reduction of 67.9% and 65.3%, respectively, compared with CK, whereas HRS only led to a decrease of 21.3% and 16.7%, respectively, at the end of water stress (Fig. 3) .
DEPS. An obvious stress effect on DEPS was detected in WRS leaves compared with HRS and CK leaves from Day 2 (Fig. 4) . DEPS, expressed as [(0.5A + Z)/ (V + A + Z)], in CK and HRS leaves remained at %0.1 throughout the experiment, whereas that of WRS leaves significantly increased. However, Fig. 2 . Diurnal changes in net photosynthetic rate (P n ), stomatal conductance (g S ), and intercellular CO 2 concentration (Ci) of micropropagated apple trees in response to half-root water stress (;) and whole-root water stress ( ) compared with trees without water stress (s) on Day 3 (A-C) and Day 6 (D-F) after initiating water stress. In G-I, diurnal variations in (G) the maximal efficiency of photosystem II (PSII) photochemistry in the light-adapted state (Fv'/Fm'), (H) the actual efficiency of PSII in the light-adapted state (FPSII), and (I) non-photochemical quenching (NPQ) were investigated. The vertical bar represents ± SE of the mean of six replicates. Different letters indicate significant differences among treatments at the same time point at P < 0.05 based on Duncan's new multiple range test.
there were no differences between HRS and CK leaves except for a slight increase in HRS leaves on Day 6 after initiating water stress.
Discussion
INFLUENCE OF HRS AND WRS ON GAS EXCHANGE PARAMETERS.
Predawn leaf water potential (Fig. 1A) values indicates that WRS trees were under moderate water stress , whereas in HRS trees, the watered roots met the need for water in maintenance of leaf water potential. The water-stressed roots may have produced abscisic acid and possibly reduced g S (Stoll et al., 2000) . WRS and HRS significantly decreased P n compared with CK plants, and the effect of WRS treatment was more significant (Figs. 1B,  2A, and 2D ). Both HRS and WRS treatments reduced leaf g S (Figs. 1C, 2B , and 2E) and leaf water loss by transpiration (data not shown). However, a greater rate of water extraction by the well-watered roots of the HRS trees may have occurred (Liu et al., 2006b ), contributing to maintenance of leaf water potential (Fig. 1A) . Decreased g S in HRS leaves could explain their improved water use efficiency. The decrease of P n in higher plants may result from stomatal or non-stomatal limitations. When nonstomatal limitation of P n occurs, Ci increases in parallel with decreased g S (Farquhar and Sharkey, 1982) . HRS had a lower Ci than CK at 1000, 1200, and 1600 HR on Day 3, indicating that the decrease in P n may be mostly the result of stomatal limitation (Fig. 2C) . WRS resulted in decreased Ci in the early period of water stress, but diurnal changes of Ci indicate that the reduction in P n by WRS was mainly the result of non-stomatal limitation during the later period such as that on Day 6 after water stress initiation (Fig. 2F ). This might be the mechanism associated with the performance of HRS plants subjected to irrigation strategies with efficient use of water resources.
INFLUENCE OF HRS AND WRS ON CHLOROPHYLL PARAMETERS.
The analysis of chlorophyll parameters indicated non-stomatal limitation in WRS leaves as time progressed. Differences in Fv'/Fm', FPSII, and NPQ were observed in WRS leaves compared with CK and HRS leaves (Fig. 2G-I ). The Fv'/Fm' and FPSII of WRS leaves were markedly lower than those of HRS and CK leaves. Compared with the CK, the lower values of Fv'/Fm' and FPSII of WRS leaves at early morning and late afternoon indicate non-reversible photo damage in the PSII RCs in WRS (Fig. 2G-H) . The NPQ of modulated chlorophyll parameters is often used as an indicator of mechanisms for preventing overexcitation of RCs (Ivanov and Edwards, 2000) . To protect WRS leaves from damage by excess excitation energy, thermal dissipation of excitation energy in WRS leaves increased, as indicated by greater NPQ (Fig. 2I) . NPQ increased in partially root-dried hot pepper compared with full irrigation (Shao et al., 2010) . In this study, the Fv'/Fm' and NPQ values of HRS leaves were similar to CK except at 1400 and 1600 HR (Figs. 2G and 2I) on Day 6. Moreover, there were no significant differences of FPSII between HRS and CK (Fig. 2H) , indicating the PSII RCs were photoinhibited at 1400 and 1600 HR on Day 6.
The decrease of Fv/Fm is an important indicator of photoinhibition, whereas the increase of primary fluorescence Fo is one of the indicators of photoinhibition and photodamage (Kirilovsky et al., 1990) . Compared with CK leaves, Fv/Fm of WRS leaves decreased and Fo increased markedly during the late period of water stress (Fig. 3B) . It indicates that the integrity of the photosynthetic apparatus under WRS was affected as water stress progressed. Inhibition and damage to PSII RCs may include both donor and acceptor sides. The appearance of an additional ''K'' step expressed as Wk indicates damage to the oxygen-evolving complex at the donor side of PSII RCs (Srivastava et al., 1997) . In this study, the value of Wk showed few changes under both WRS and HRS conditions. These results might indicate that the donor side of leaves was not influenced by water stress. However, Vj, Vi, Sm, jEo, yo, Mo, and N, as indicators of the status of the acceptor side (Chen et al., 2004b; , significantly changed under WRS during the late period of the experiment, whereas they were little influenced by HRS (Fig. 3) . These results indicate that the acceptor side of PSII in WRS leaves was markedly damaged compared with those in CK and in HRS leaves as water stress progressed.
The increase of Vj and Vi indicates inhibition of electron transport at the acceptor side of the PSII (Chen et al., 2004b; Lu and Zhang, 1999) . The increase of Vi is used as a probe for an accumulation of Q B non-reducing PSII RCs as a result of an inability to transfer electrons from Q A -to Q B (Lazár et al., 1997) . When leaf photodamage happens, D1 protein in the PSII RCs degrades rapidly. Thus, the electron carriers, especially Q B , are ready to be detached from the protein complex, which results in reduction of Sm; i.e., the acceptor pool size of PSII RCs . In this study, Sm in WRS slightly decreased during the late period of water stress as indicated by results on Day 6 (Fig. 3) . This could result in a decrease of the probabilities that an absorbed photon and exciton moves an electron further than Q A -(jEo and yo) in PSII RCs of WRS leaves. Consequently, more light energy was used to reduce Q A , resulting in an increase of M 0 ; i.e., the relative rate of Q A reduction. In the meantime, the turnover numbers for Q A reduction and re-oxidized decreased, indicating decreased ability of Q A to transport electrons (Fig. 3) .
The performance indices PI ABS and PIcso in the OJIP test (Fig. 3) are sensitive and suitable for the early detection of changes in photosystems as a result of water stress. Both WRS and HRS decreased performance indices as water stress progressed compared with CK (Fig. 3B) . However, the influence of WRS was earlier and more serious. The decreases were mostly attributed to the reduction of Fv/Fm and the probability that a trapped exciton moves an electron further than Q A -(y 0 ). These changes could explain the sharp reduction of photosynthetic performance in WRS compared with HRS and CK leaves.
INFLUENCE OF HRS AND WRS ON EXCESS ENERGY DISSIPATION. WRS sharply decreased the light use efficiency of the photosystems, whereas the effects of HRS were very slight as water stress was prolonged. In the meantime, jD 0 , DI 0 /RC, DI 0 /CS, and NPQ in WRS leaves increased, indicating increased excess energy dissipation compared with CK (Figs. 2I and 3B) . NPQ is closely related to excitation energy and involves the protection process of the xanthophyll cycle (Cheng et al., 2000; Maxwell and Johnson, 2000) . De-epoxidation of the xanthophylls contributes to the ability of thermal dissipation of excitation energy (DemmigAdams and Adams, 1996) . DEPS increased in WRS leaves, indicating thermal dissipation ability of xanthophyll cycle pigments may be increased in WRS leaves (Fig. 4) . However, HRS caused no obvious changes compared with CK (Fig. 4) , indicating that excess leaf energy was not evident in contrast to WRS leaves. Compared with HRS and CK, the system of xanthophyll-dependent dissipation might be up-regulated in WRS leaves to prevent damage by excess light energy on Day 6 after initiating water stress.
In conclusion, both HRS and WRS influenced photosynthesis in leaves. The P n of HRS was affected mainly as a result of stomatal limitation throughout the experiment, whereas as water stress progressed, non-stomatal limitation occurred in WRS leaves. The effect of reduced photosynthesis was much greater on WRS than HRS trees. Further analysis of chlorophyll fluorescence showed little damages on the donor side of the PSII RCs under both WRS and HRS, but the acceptor side was markedly and non-reversibly damaged in WRS leaves. HRS had no influence on the acceptor side of the PSII RCs and on DEPS of leaves compared with CK. However, in WRS plants, DEPS was up-regulated to dissipate excess light energy as heat and protect leaves from photo damage.
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